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TOKEN -BASED LINKING 
A portion of the disclosure of this patent document 
contains material which is subject to copyright protection. 
The copyright owner has no objection to the facsimile 
reproduction by anyone of the patent disclosure as it 
appears in the Patent and Trademark Office patent files or 
records, but otherwise reserves all cop right rights 
whatsoever. 
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Thdsfol lowing application are incorporated herein 
y reference ki their entirety 

Object -oisLented Instruction Set for Use with 

evi/fes'^, and "Zero Overhead Exception 
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with the present application; 

"Virtual ^ichine with Securely Distributed Bytecode 
Verification", gaming Moshe Levy and Jndy Schwabe as 
inventors, fiyed April 15, 1997^ A/o<o tf.jNAjf. /^7. 

In addition, an Appendix A entitled ^teva Card 
Virtual Machine Specification: Java Card™ Versibn 2.1" is 
attached/to this application and forms a part of th^ present 
specification. 
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BACKGROUND 

The present invention relates, in general, to 
object-oriented, architecture-neutral programs for use with 
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resource -constrained devices such as smart cards and the 
like . 

A virtual machine is an abstract computing machine 
5 generated by a software application or sequence of 

instructions which is executed by a processor. The term 
"architecture -neutral" refers to programs, such as those 
written in the Java™ programming language, which can be 
executed by a virtual machine on a variety of computer 
10 platforms having a variety of different computer 

architectures. Thus, for example, a virtual machine being 
executed on a Wiiidows™-based personal computer system will 
use the same set of instructions as a virtual machine being 
executed on a UNIX™-based computer system. The result of 

0 15 the plat form- independent coding of a virtual machine's 

.Jrl 

sequence of instructions is a stream of one or more 
J;; bytecodes, each of which is, for example, a one -byte -long 

p-f- numerical code. 

p. Use of the Java programming language has found many 

01 2 0 applications including, for example, those associated with 
^ Web browsers. 

HI The Java programming language is object-oriented. . 

Jj* In an object-oriented system, a "class" describes a 

J) collection of data and methods that operate on that data. 

-£) 25 Taken together, the data and methods describe the state of 
and behavior of an object. 

The Java programming language also is verifiable 
such that, prior to execution of an application written in 
the Java programming language, a determination can be made 
30 as to whether any instruction sequence in the program will 
attempt to process data of an improper type for that 
bytecode or whether execution of bytecode instructions in 
the program will cause underflow or overflow of an operand 
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stack. 

A Java™ virtual machine executes virtual machine 
code written in the Java programming language and is 
5 designed for use with a 32 -bit architecture. However, 

various resource-constrained devices, such as smart cards, 
have an 8-bit or 16-bit architecture. 

Smart cards, also known as intelligent portable 
data-carrying cards, generally are made of plastic or metal 
10 and have an electronic chip that includes an embedded 
microprocessor to execute programs and memory to store 
programs and data. Such devices, which can be about the 
size of a credit card, typically have limited memory 
capacity. For example, some smart cards have less than one 
Q 15 kilo-byte (IK) of random access memory (RAM) as well as 
Jj( limited read only memory (ROM) , and/or non-volatile memory 

£l such as electrically erasable programmable read only memory 

W (EEPROM) . 

M 

Generally, programs running on a processor of a 
TO 2 0 smart card determine the services offered by the card. As 

time passes, the programs on the card may need to be 
fl| updated, for example in order to add a new function or to 

^ improve an existing function. To this end, the card should 

be able to accept new programs which may replace other 
4} 2 5 programs. 

Typically a virtual machine executing byte code 
(e.g., a full Java virtual machine) requires a sizable 
amount of memory in loading bytecode and resolving 
references. Particularly, in the Java virtual machine, 
3 0 symbolic references are used to refer to program elements 
such as the classes, methods and fields. A Reference to 
these program elements is resolved by locating the element 
using its symbolic name. Such operations require a 
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relatively large random access memory (RAM) . In an 
environment that has little RAM, this may not be feasible. 
Since smart cards are cost-sensitive, they rely on 
inexpensive, low performance processors and low capacity 
memory devices. Since cost and power reasons dictate that 
low-power and low-capacity processor and memory components 
be deployed in such resource constrained computers, the 
ability to operate the Java virtual machine on such resource 
constrained devices is both difficult and yet desirable. 

SUMMARY 

In one aspect, a method downloads code to a resource 
constrained computer. The code is separable into at least 
one package having at least one ref erenceable item. The 
method includes forming the package; forming a mapping of 
the ref erenceable item to a corresponding token; and 
providing the package and the mapping. 

In a second aspect, a method links code downloaded 
to a resource constrained computer. The method includes 
receiving the package; receiving a mapping of the 
ref erenceable item to a corresponding token; and linking the 
package using the mapping. 

Advantages of the invention may include one or more 
of the following. The invention efficiently uses resource 
on a resource limited device by using smaller storage spaces 
through unique token identifiers. Further, the invention 
can link and resolve references to exported items on the 
resource limited device. Through metadata files such as 
export files, the invention allows exported elements to be 
published. Such publication, however, can be done so as to 
not expose private or proprietary elements and details of 
the applets and associated libraries. Thereby, various 



separately developed applications can be loaded onto a 
resource limited device and share their components with each 
other without compromising private secure information. 

Moreover, the advantages of an architecture neutral 
language such as Java can be realized on a resource limited 
device while preserving its semantics. The tokens may also 
be used for internal or private elements. Thus, tokens can 
be assigned to private and package visible instance fields 
as well as package visible virtual methods. The invention 
imposes few constraints in assigning tokens, and the token 
categories may be further defined or optimized for 
particular applications. As such, the invention supports 
portable, architecture neutral code that is written once and 
that runs everywhere, even on resource constrained devices 
such as smart cards with limited storage capacity. 

DRAWINGS 

Fig. 1 illustrates the conversion and loading of 
hardware platform- independent code onto a smart card. 

Fig. 2 shows a computer system which communicates 
with the smart card of Fig. 1. 

Fig. 3 shows a diagram illustrating inter-package 
dependenc i e s . 

Figs. 4A and 4B are diagrams illustrating two 
converter operations. 

Fig. 5 is a diagram illustrating two packages and a 
package registry for resolving static references. 

Fig. 6 is a flowchart illustrating a linking process 
in conjunction with the packages of Fig. 5. 

Figs. 7A-7I are diagrams illustrating various class, 
field and method references. 

Figs. 8A-8I are flowcharts illustrating processes 



for assigning tokens and supporting tables. 

Figs. 9A-9C are flowcharts illustrating processes 
for resolving tokens for instance fields and methods. 



DESCRIPTION 

A method is described for representing linking 
information for object-oriented programs in a compact, 
secure format. Utilizing this method, said programs can be 
downloaded, linked and executed on a resource-constrained 
device. Resource -constrained devices are generally 
considered to be those that are restricted in memory and/or 
computing power or speed. Although the particular 
implementation discussed below is described in reference to 
a smart card, the invention can be used with other resource- 
constrained devices including, but not limited to, cellular 
telephones, boundary scan devices, field programmable 
devices, personal data assistants (PDAs) and pagers, as well 
as other small or miniature devices. In some cases, the 
resource -constrained device may have as little as IK of RAM 
or as little as 16K of ROM. Similarly, some resource- 
constrained devices are based on an architecture designed 
for fewer than 32 bits. For example, some of the resource- 
constrained devices which can be used with the invention are 
based on an 8-bit or 16-bit architecture, rather than a 32- 
bit architecture. 

Referring to Fig. 1, development of an applet for a 
resource-constrained device, such as a smart card 40, begins 
in a manner similar to development of a Java program. In 
other words, a developer writes one or more Java classes and 
compiles the source code with a Java compiler to produce one 
or more class files 10. The applet can be run, tested and 
debugged, for example, on a workstation using simulation 



tools to emulate the environment on the card 40. When the 
applet is ready to be downloaded to the card 40, the class 
files 10 are converted to a converted applet (CAP) file 16 
by a converter 14 . The converter 14 can be a Java 
application being executed by a desktop computer. The 
converter 14 can accept as its input one or more export 
files 12 in addition to the class files 10 to be converted. 
An export file 12 contains naming or linking information for 
the contents of other packages that are imported by the 
classes being converted. 

In general, the CAP file 16 includes all the classes 
and interfaces defined in a single Java package and is 
represented by a stream of 8-bit bytes. All 16-bit and 32- 
bit quantities are constructed by reading in two or four 
consecutive 8 -bit bytes, respectively. Among other things, 
the CAP file 16 includes a constant pool component (or 
"constant pool") 18 which is packaged separately from a 
methods component 20. The constant pool 18 can include 
various types of constants including method and field 
references which are resolved either when the program is 
linked or downloaded to the smart card 40 or at the time of 
execution by the smart card. The methods component 2 0 
specifies the application instructions to be downloaded to 
the smart card 4 0 and subsequently executed by the smart 
card. Further details of the structure of an exemplary CAP 
file 16 are discussed in the attached Appendix A at pages 53 
through 94 . 

After conversion, the CAP file 16 can be stored on a 
computer- readable medium 17 such as a hard drive, a floppy 
disk, an optical storage medium, a flash device or some 
other suitable medium. Or the computer- readable medium can 
be in the form of a carrier wave, e.g., a network data 
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transmission, or a radio frequency (RF) data link. 

The CAP file 16 then can be copied or transferred to 
a terminal 22 such as a desktop computer with a peripheral 
5 card acceptance device (CAD) 24. The CAD 24 allows 

information to be written to and retrieved from the smart 
card 40. The CAD 24 includes a card port (not shown) into 
which the smart card 40 can be inserted. Once inserted, 
contacts from a connector press against the surface 
10 connection area on the smart card 40 to provide power and to 
permit communications with the smart card, although, in 
other implementations, contactless communications can be 
used. The terminal 22 also includes an installation tool 26 
which loads the CAP file 16 for transmission to the card 40. 
15 The smart card 4 0 has an input/output (I/O) port 42 

which can include a set of contacts through which programs, 

5 ~f 

11 data and other communications are provided. The card 40 

: _ 3 

jp-J also includes an installation tool 46 for receiving the 

p contents of the CAP file 16 and preparing the applet for 

Bi 20 execution on the card 40. The installation tool 46 can be 
m implemented, for example, as a Java program and can be 

HI executed on the card 40. The card 40 also has memory, 

including volatile memory such as RAM 50. The card 40 also 
has ROM 52 and non-volatile memory, such as EEPROM 54. The 
^ 25 applet prepared by the controller 44 can be stored in the 
EEPROM 54. 

In one particular implementation, the applet is 
executed by a virtual machine 49 running on a microprocessor 
48. The virtual machine 49, which can be referred to as the 
3 0 Java Card virtual machine, need not load or manipulate the 
CAP file 16. Rather, the Java Card virtual machine 49 
executes the applet code previously stored as part of the 
CAP file 16. The division of functionality between the Java 
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Card virtual machine 49 and the installation tool 46 allows 
both the virtual machine and the installation tool to be 
kept relatively small. 

In general, implementations and applets written for 
a resource-constrained platform such as the smart card 40 
follow the standard rules for Java platform packages. The 
Java virtual machine and the Java programming language are 
described in T. Lindholm et al . , The Java Virtual Machine 
Specification (1997), and K. Arnold et al . , The Java 
Programming Language Second Edition, (1998) , which are 
incorporated herein by reference in their entirety. 
Application programming interface (API) classes for the 
smart card platform can be written as Java source files 
which include package designations, where a package includes 
a number of compilation units and has a unique name. 
Package mechanisms are used to identify and control access 
to classes, fields and methods. The Java Card API allows 
applications written for one Java Card-enabled platform to 
run on any other Java Card-enabled platform. Additionally, 
the Java Card API is compatible with formal international 
standards such as ISO 7816, and industry-specific standards 
such as Europay/MasterCard/Visa (EMV) . 

Although a virtual machine 49 running on a 
microprocessor 4 8 has been described as one implementation 
for executing the bytecodes on the smart card 40, in 
alternative implementations, an application-specific 
integrated circuit (ASIC) or a combination of a hardware and 
firmware can be used instead. 

Referring to FIG. 1, controller 44 uses an 
installation tool 46 for receiving the contents of the CAP 
file 16 and preparing the applet to be executed by a 
processor 48. The installation tool 46 can be implemented, 
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for example, as a Java program which has been suitably 
converted to execute on the smart card 40. In the 
description below, it is assumed that the controller 44 
5 comprises a virtual machine program 49 running on a 

microprocessor 48. The virtual machine 9 need not load or 
manipulate the CAP file 16. Rather, the virtual machine 49 
executes the applet code in the CAP file 16. The division 
of functionality between the virtual machine 49 and the 
10 installation tool 46 allows both the virtual machine and the 
installation tool to be kept relatively small. In 
alternative implementations, the controller 44 can be 
hardwired, for example, as an application-specific 
integrated circuit (ASIC) or it can be implemented as a 
15 combination of a hardware and firmware. 

The smart card platform, which can be used for other 
±1 resource-constrained devices as well, supports dynamically 

p-j created objects including both class instances and arrays. 

H A class is implemented as an extension or subclass of a 

5) 20 single existing class and its members are methods as well as 
JU variables referred to as fields. A method declares 

FU executable code that can be invoked and that passes a fixed 

zr; number of values as arguments. Classes also can implement 

i y 

j\ Java interfaces. An interface is a reference type whose 

-I) 25 members are constants and abstract methods. The virtual 
machine* 4 9 may include an interpreter or native 
implementation which provides access to a runtime system 
which includes the Java Card API and supporting 
functionalities . 

3 0 As shown in Fig. 2, a computer 221 is equipped with 

a card acceptance device 24 for receiving the card 4 0 of 
Fig. 1. The computer 22 may be connected to a network 45 
which communicates with a plurality of other computing 
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devices, such as a server 47. It is possible to load data 
and software onto a smart card over the network 45 using 
card equipped devices. Downloads of this nature can include 
5 applets or other programs to be loaded onto a smart card as 
well as digital cash and other information used in 
accordance with a variety of electronic commerce and other 
applications. The instructions and data used to control 
processing elements of the card acceptance device and of the 
10 smart card may be stored in volatile or non-volatile memory 
or may be received directly over a communications link e.g., 
as a carrier wave containing the instructions and/or data. 
Further, for example, the network 45 can be a LAN or a WAN 
such as the Internet or other network. 
Q 15 Fig. 3 shows a diagram illustrating typical 

'±\ hierarchical dependencies among a group of program packages 

jj (including both Application Program Interfaces (APIs) and 

UJ program applets) loaded onto a smart card 40. Applications 

£ % may be loaded onto the smart card 40 incrementally and 

0) 20 linked on-card for execution so that the functionality of 
B the smart card 40 may be updated with additional 

f!J capabilities in addition to factory-programmed 

C| functionalities. In the diagram, a Java language framework 

i 5 : 

l\ 50 and a Java Card framework 52 exist at a Java Card API 

1) 25 level. Above the Java Card API level is a custom API level 

with one or more custom frameworks 54. The custom framework 
54 may be supplied by one or more value added providers 
through various software development kits (SDKs) to extend 
an existing framework or other API. At the highest level is 
3 0 an application level where various applets 56, 58 and 60 
reside . 

As shown in Fig. 3, a package may depend on other 
packages at the same API level or from those packages in 
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lower API levels. For example, the applet 58 may refer to 
program elements in the applet 58 and the Java Card 
framework 52 may have dependencies from the Java language 
5 framework 50. Moreover, the custom framework 54 at the 
custom API level and the applets 58 and 60 may have 
references that depend from the Java Card framework 52. In 
turn, the applets 56 and 58 may have references that depend 
from the custom framework 54. The applet 56 and the custom 
10 framework 54 may also depend from the Java language 

framework 50. Although the example of Fig. 3 shows linear 
dependencies, non-linear dependencies such as circular 
dependencies may be supported using a suitable converter 14 
and installation tool 46. 
n 15 The conversion of a set of class files from, e.g., a 

J« Java application, to a CAP file 74 can generally occur on a 

j; desktop computer in preparation for installation on a smart 

UJ card 40. The desktop computer 22 is generally not as 

resource constrained as a typical smart card 40. 
fy 20 Additionally, the converting operation may be conducted on 
^ other suitable platforms as well. 

fy Fig. 4 A shows a system for converting a package, 

U which may define an applet or a library in preparation for 

Ft \ 

.?[ downloading onto smart card 40. Converter 72 receives data 

*£) 25 input from one or more class files 70, which define the 
functionality of an applet. The converter 72 in turn 
generates a Java Card CAP file 74 suitable for downloading. 

As discussed in greater detail below, the CAP file 
74 contains an export component 82 for resolving references 
3 0 to elements in its package, where those elements may be 
referenced by other packages. The export component 82 
contains entries for static items such as classes, methods 
and fields. References to dynamic items such as instance 
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fields, virtual methods and interface methods are not 
required to be presented in the export component, but may be 
handled according to processes described below. 
5 In resource constrained devices, the use of Unicode 

strings to represent items consumes memory and processor 
resources. In place of strings, the export component 82 
maps tokens, or simple unique numerical values, to 
particular elements defined in other components in the CAP 
10 file 74. The token values used to represent these elements 
in the export component match those published in a 
corresponding Export File 80. 

In more detail, CAP file 74 has, among others, a 
header component 76, a constant pool 78, a method component 
15 80, and an export component 78. The constant pool 78 
typically includes one or more class, field and method 
references so that generally references to program elements 
or items are made indirectly through the package's constant 
pool 78. Method component 80 contains all the methods 
20 implemented by the applet package represented by CAP file 
74 . Method references resolve to methods located in the 
PJ method component. Class and static field references resolve 

y to locations in class components and static field 

components, respectively. These are described further in 
*!) 25 Appendix A. 

Export component 78 includes one or more entries 
with a token value 84 and corresponding program element link 
information 86 that describes where in the package defined 
in the CAP file A 74 a particular program element is to be 
3 0 found. The link information is specific to the content of 
the CAP file 74, not the internal representation on a 
particular card. This component, therefore, does not 
describe card-specific private or secure information. 
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Converter 72 can also generate an Export file 80 
during conversion of class files into a CAP file 74. One 
Export file is generated for each CAP file. Export file 80 
typically has one or more entries with a symbolic name 90 
for a particular program element in CAP file 74 and its 
corresponding token value 92. Export file 80 provides 
information about each externally accessible program element 
of the package of class files and program information in CAP 
file 74 that may be referenced (imported) by a second 
package into a second CAP file (described further below) . 
For example, Export file 80 contains references to all of 
the public classes and interfaces defined in one Java 
package, and all of the public and protected fields and 
methods defined in those classes and interfaces. The Export 
file 80 also contains a mapping of these program elements or 
items to tokens which can then be' used to map names for 
imported, items to tokens during package conversion. The 
export file does not expose private or proprietary details 
of the applets and associated libraries. Thereby, various 
separately developed applications can be loaded onto a 
resource limited device and share their components with each 
other without compromising private secure information. The 
Export file 80 does not expose private or proprietary 
elements and details of the applets and associated 
libraries, separately developed applications can be loaded 
onto the card 40 and share their exported elements with each 
other without compromising private secure information. 

With reference to Figs. 3 and 4A, if a number of 
class files 70 comprising j avacard. framework API 52 were 
being converted, the Export file 80 generated during 
conversion would allow other applet programs, being 
converted separately, to know which tokens to use in order 
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to externally reference items of the javacard. framework. API . 
For instance, if an applet references the framework class 
PIN, the Export file 80 for the j avacard. framework contains 
an entry for class javacard. framework. PIN along with its 
respective token. Converter 72 would place this token in 
the constant pool of the CAP file of the new applet, to 
represent an unresolved reference to that class in the 
framework. As explained further below, during applet 
execution, the token can be used to locate the referenced 
item in the export component 78 of the framework API package 
to retrieve the element link information. For example, the 
link information of a method may provide information to 
locate the appropriate method contained in the method 
component 80 of that package. 

Fig. 4B shows converter 72 converting a second 
package of class files 94, where those class files 94 import 
elements from the class files from the first package 70 
(Fig. 4A) . For example, the second package can be a set of 
applet classes that rely upon certain classes contained, 
e.g., in a javacard. framework library package, that has been 
previously converted (as described above with respect to 
Fig. 4A) . Converter 72 receives data input from class files 
94 and from one or more Export files 80 from previously 
converted packages. Converter 72 generates a CAP file 100 
suitable for downloading onto, e.g., the smart card 40. 

CAP file B 100 for the second package includes an 
import component 104 with a list of all packages referenced 
by the applet classes. Each such external package reference 
comprises a mapping 106 between an internal package token 
and an external unique Application Identifier (AID) for that 
package. Each package token is used in other components 
within CAP file 100 to identify a particular referenced 



external package in a concise manner, thereby reducing the 
footprint size of the representation of the applet. 

The CAP file 100 also has, among others, a header 
5 component 102, an import component 104 and a constant pool 
108. The constant pool 108 includes one or more class 
references 110, which map each class reference with 
corresponding package tokens, and class tokens, thereby 
mapping the specified class to its corresponding external 
10 package and class within that package. The use of these 
tokens is further described below. The constant pool 108 
can also include one or more method references 112 which 
similarly map each method reference with corresponding 
package tokens, class tokens and method tokens. The 
15 constant pool 108 can also include one or more field 

references 114, each with its package token, class token, 
and field token, respectively. 

Generally, references to program elements or items 
are made indirectly through the constant pool 108 of each 

*s=r 

0) 20 package. References to items in other packages are called 
external, and are represented in terms of tokens. 
References to items in the same CAP file are called 
W internal, and can be represented either in terms of tokens, 

or in a different internal format (such as pointers to 
41 25 locations within the CAP file) . For example, the external 
reference 110 to a class is composed of a package token and 
a class token. Together those tokens specify a certain 
class in a certain external package. An internal reference 
to a class may be a pointer to the class structure's 
30 location within the CAP file. Alternatively, the external 
token system can be used internally as well. The external 
references 112-114 refer to a static class member, either a 
field or method, with a package token, a class token, and a 
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token for the static field or static method. An internal 
reference to a static class member may be a pointer to the 
item's location in the CAP file, but can also use the token 
5 system. References to instance fields, virtual methods and 
interface methods consist of a class reference and a token 
of the appropriate type. The class reference indicates 
whether the reference is external or internal. 

External references in a CAP file can be resolved on 
10 a card from token form into the internal representation used 
by the Java Card virtual machine. A token can only be 
resolved in the context of the package which defines it. 
Just as the export file maps from a package's externally 
visible names to tokens, there is a set of link information 
□ 15 for each package on the card that maps from tokens to 

resolved references. In this manner, the converter 97 
J!° processes both the class files 92 and Export file 94, 

'ft creating an image suitable for downloading the applet onto a 

p resource limited device and resolving references (linking) 

0.) 2 0 to the first package. 

J=i After the pre-processing performed in Figs. 4A and 

fy 4B, the CAP file of Fig. 4B may be downloaded to the smart 

!r* card 4 0 or a resource constrained device that contains the 

c ; : 
s \i 

m CAP file of Fig. 4A. Figs. 5 and 6 illustrate in greater 

€) 25 detail how token-based linking is done for static elements 
on the smartcard 40 or a small device. The static elements 
include elements whose exact representations are 
identifiable by the converter during the conversion process. 
In Fig. 5, an image 2 00 of a package P2 has been 
30 loaded from, e.g., CAP File B 100, onto card 40 and can be 
linked to a prior package PI prior to or during execution. 
Program elements in package P2 2 00 may include references to 
methods and other data in external package PI which already 
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exists as an image 174 on card 4 0 (of CAP File A 74) . The 
image 174 includes, among other things, a header component 
176, a constant pool 178, a method component 180, and an 
export component 182 which contains a list of tokens for all 
exported static items 185. To aid the resolution of the 
reference to an external package, a package registry 12 0 is 
created on card 4 0 to provide information used to locate one 
or more external packages, including image 174 of package PI 
which contains particular methods required by image 2 00 of 
the package P2 . 

The image 2 00 of the package P2 includes, among 
other things, a header component 2 02, an import component 
204, a constant pool 208, and a method component 216, all 
corresponding to the respective components 102, 104, 108, 
and 116 in CAP file B 100. The general organization of 
these components is described above with respect to the CAP 
files and in Appendix A. Typically, the method component 
216 will include program references such as "new" (218) , 
"invokestatic" (220) and "getstatic_b" (222) along with 
their respective invoked class references, method 
references, and field references. 

Fig. 6 shows a link process 140 for package P2 200 
of Fig. 5. When an executing method in method ■ component 216 
invokes a particular method, e.g., Method T, in method 
component 180 that is located in an external package 
(package 1) , linking is required (step 142) . Using the 
index provided as an operand to the instruction, the process 
140 locates and retrieves in constant pool 208 the matching 
method reference 212 (step 144) . As described below, the 
method reference consists of a package token, class token, 
and method token which are used to locate that particular 
method in an external package. Next, process 140 examines 
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the import component 204 to find the unique AID of external 
package PI based on the retrieved package token (step 146) . 
Package registry 120 is then examined to find the location 
5 of the package PI based upon the AID (step 148) . Once the 
image 174 for package PI is found from package registry 120, 
export component 182 of image 174 is searched to locate the 
class with the specified class token (step 150) . The 
program link information for the desired method, e.g., 
10 Method T, is then found by searching the list of methods 

associated with the particular class found in step 150, to 
locate the method with the specified method token (here 
method token Y corresponds to Method T of package PI 174) 
(step 152) . Finally, the location of the specified method, 
15 e.g., Method T, in method component 180 is determined based 
on the link information provided for the method in the 

i W 

11 export component 182 (step 154) . 

^ J Using the process of Fig. 6, a package may be 

p downloaded onto a card and prepared for execution by a 

W 20 virtual machine. This process is called "installation." 
Ll Various installation processes may be used which differ in 

TU the order of processing and linking operations (when the 

data is received on the card and when it is stored) . These 
js installation processes may be optimized based on available 

25 resources on the card. In one implementation, no linking 
occurs and as such, as data is received, it is immediately 
stored. During interpretation or execution of the code, 
resolution of external references occur. As such, this 
implementation is used in a larger (less constrained) small 
3 0 device because all temporary link information is stored 
permanently on this card. 

As discussed above, instead of Unicode strings as 
are used in Java class files, tokens are used to identify 
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items in a CAP file and to resolve references on the 
resource limited device. Tokens for an API are assigned by 
the API's developer and published in the package export 
5 file(s) for that API. Since the name-to-token mappings are 
published, an 'API developer may choose any order for tokens 
within constraints of the invention. 

Together, Figs. 5 and 6 describe resolution of 
references to static items, that is, classes, static fields, 
10 and static methods. The implementations of these items are 
fully locatable during compilation and conversion. In 
contrast, during compilation and conversion, references to 
instance fields, virtual methods and interface methods are 
not statically bound to particular implementations. Those 
p 15 items require additional information which is only available 

^ with reference to an instance at runtime. Reference 

I u 

jX resolution to these types are described in reference to Fig. 

Ul 9A-9C. 

U\ Token assignments for virtual methods preserve 

01 20 relationships within object oriented class hierarchies. 
L Tokens for virtual methods and interface methods are used as 

nj indices into virtual method tables and interface method 

tables, respectively. A particular card platform can 

c : : 

"iji resolve tokens into an internal representation that is most 

25 useful for that implementation of a resource limited device 
VM. 

Some tokens may be resolved to indices. For example, 
an instance field token may be resolved to an index into a 
class instance. In such cases, the token value can be 
30 distinct from and unrelated to the value of the resolved 
index. 

Each kind of item in a package has its own 
independent scope for tokens of that kind. Sample token 
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range and assignment rules for each kind of reference are 
listed below. Other ranges and assignments of tokens can be 
made . 
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Token Type 


Range 


Type 


Scope 


Package 


0-127 


Private 


CAP file 


Class (Including 
Interfaces) 


0-255 


Public 


Package 


Static Field 


0-255 


Public 


Class 


Static Method 


0-255 


Public 


Class 


Instance Field 


0-255 


Public or Private 


Class 


Virtual Method 


0-127 


Public or Private 


Class 
Hierarchy 


Interface Method 


0-127 


Public 


Class 



Figs-- 7A-7I are diagrams illustrating 
representations of references. Figs. 7A-7C describe 
20 references to imported elements, while Figs. 7D-7I describe 
references to internal items, some of which use tokens as 
well . 

Fig. 7A shows a class reference to an external class 
180. The class reference of Fig. 7A includes a package 

25 token and a class token. Fig. 7B shows a representation of 
an external field reference. The external field reference 
182 includes a package token, a class token and a field 
token. Fig. 7C shows a representation of an external method 
reference 184. The external reference 184 includes a 

30 package token, a class token, and a method token. It is to 
be noted that, for virtual methods, the high bit of the 
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method token is set to zero. The setting of the high bit 
indicates that the method is accessible outside of the 
defining package. The high bit may be the most significant 
bit such as the 7th bit of a byte, 15th bit of a word, or 
the 23rd bit of a three-byte unit. 

The high bit of a package token is set to indicate 
an imported package. This is used to distinguish between 
external and internal references. As shown in Figs. 7D-7I, 
references to internal elements have their high bits set to 
zero. The formats of Figs. 7D-7I are examples of extending 
token usage, in selected cases, to internal items. 

Fig. 7D shows a representation of an internal class 
reference 186. The internal class reference 186 includes an 
offset to a class information structure in the class 
component. Fig. 7E shows a representation of a static field 
reference 188 for an internal field. As such, the static 
field reference 188 has a field which is set to zero and a 
field for including an offset to a static field in the 
static field image. Fig. 7F is a representation of a static 
method reference 190 for internal methods. The static 
method reference 190 includes a field of padding, that is 
set to zero, to make the reference the same size as an 
imported method reference. The static method reference 190 
also includes a field which provides information relating to 
an offset to a static method in the method component. 

Fig. 7G shows a representation of an instance field 
reference 192 for an internal field. In Fig. 7G, the 
instance field reference 192 includes an offset to a class 
information structure in the class component, as well as a 
field token. Fig. 7H shows a virtual method reference 194 
to a public or protected method for an internal method. The 
virtual method reference 194 includes an offset to a class 



information structure in the class component, a field which 
is cleared to indicate an externally accessible virtual 
method and to conform to the format in Fig. 7C. The virtual 
5 method reference 194 also includes a method token. 

Finally, Fig. 71 shows a representation of a virtual 
method reference 196 to a package visible method for 
internal methods. The virtual method reference 196 includes 
an offset to the class information structure and the class 
10 component, a field which is set to one indicating that the 

reference's scope is internal to the package. The reference 
196 also includes a method token. 

Figs. 8A-8I are flowcharts illustrating processes 
for assigning tokens and constructing virtual method tables 
Q 15 and interface method tables. These processes can be 
f*i performed by a converter 72, as discussed above. Referring 

4* now to Fig. 8A, a process 230 for assigning package tokens 

is shown. Generally, package references from within a CAP 
O file are assigned tokens which are used only in the CAP 

w 20 file. 

O The process 230 first obtains a list of imported 

;i{ packages (step 231) . The list can be in any order. Next, 

Rj the process 23 0 checks whether the number of packages being 

tfl imported exceeds a predetermined threshold such as 12 7 (step 

25 232) . In this case, a limit of 127 is used in order to 
represent a package token in 8 -bits, with the high bit 
reserved. If the number of imported packages exceeds the 
predetermined threshold such as 127, the process fails (step 
205) . 

30 Alternatively, the process 230 initializes the 

current token value to zero (step 233) . Next, the process 
230 initializes the current package to the first package in 
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the list (step 234) . The process 230 then checks whether 
the current package is null (step 235) . If not, the process 
23 0 assigns the current token to the current package (step 
23 6) . Next, the process 230 increments the current token 
value by one (step 237) , and sets the current package to the 
next package in the list (step 238) . 

From step 235 , in the event that the current package 
is null, indicating there are no more imported packages, the 
process 23 0 records the token in an Import component (step 
239) and exits. References to items in imported packages 
use token values recorded in the imports component . 

Turning now to Fig. 8B, a process 240 for assigning 
class and interface tokens is shown. The process 240 first 
obtains an arbitrarily ordered list of public class and 
interfaces (step 241) . Next, it checks whether the number 
of classes and interfaces exceed a predetermined value such 
as 256 which is the maximum number of classes that can be 
represented in 8-bits (step 242) . If so, the process 240 
fails (step 205) . Alternatively, the process 240 
initializes the current token value to zero (step 243) . It 
also initializes the current item to the first class or 
interface in the list obtained in step 241 (step 244) . 
Next, the process 24 0 determines whether the current item is 
null which indicates that no more classes or interfaces 
remain in the list (step 245) . If not, the process 240 
assigns a current token value to the current item, which may 
be a class or an interface item (step 246) . Next, the 
process 240 increments the current token value by one (step 
247) and sets the current item to the next class or 
interface in the list (step 248) before looping back to step 
245. From step 245, in the event that a current item is 
null, indicating no more classes or interfaces exist in the 



list, the process 240 records a token value in the Export 
component table (step 249) . Additionally, the process 240 
publishes the token values in the export file (step 251) and 
5 exits. 

Figs. 8C-1 and 8C-2 handle the static field tokens, 
with Fig. 8C-2 being an optimized version of Fig. 8C-1 by 
inlining compile-time constants. Externally visible static 
fields in a package are assigned public tokens. 
10 Package-visible and private static fields are not assigned 
tokens. Fig. 8C-2 describes a process 280 which is an 
optimization of process 250. In this optimization, tokens 
are not assigned for final static fields which are 
initialized to compile-time constants. In this case, the 
p 15 fields are not linked on-card. 

*| Turning now to Fig. 8C-1, a process 2 50 is shown. for 

= JI assigning static- field tokens in a public class or 

y interface. The process 250 first obtains an arbitrarily 

ordered list of public and protected static fields in the 
20 public class or interface (step 252) . Then the process 250 
sets the current token value to zero (step 254) and 
initializes the current field to the first static field in 

the list (step 256) . The process 225 then determines 

P * 

j; whether the current field is null, indicating no more fields 

y[} 25 are left (step 258) . If not, the process 250 assigns the 
current token value to the current field (step 260) and 
increments the current token value by one (step 262) . The 
process 250 then sets the current field to the next static 
field in the list (step 264) before it loops back to step 
30 258. 

From step 258, in the event that the current field 
is null, indicating no more fields are left, the process 250 
determines whether the current token is greater than a 
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predetermined value such as 255 which is the maximum number 
of tokens that can be represented in 8-bits (step 266) . If 
so, the process 250 fails (step 205) . Alternatively, the 
process 250 records the token values in the export component 
table if the export component is to be generated (step 2 68) . 
Finally, the process 250 publishes the token values in the 
export files (step 270) . 

Referring now to Fig. 8C-2, a process 280 which 
optimizes the assignment of static field tokens in a public 
class or interface is shown. The optimization reduces 
memory consumption by eliminating compile-time constants and 
replacing references to the constants inline in the 
bytecode. The process 280 obtains a list of public and 
protected static fields in a public class or interface (step 
282) . The process 280 then sets the current token value to 
zero (step 284) and initializes the current field to the 
first static field in the list (step 286) . The process 280 
then checks whether the current field is null (no more 
fields) (step 288) . If not, the process 280 determines 
whether the current field is a compile-time constant (step 
290) . If so, the process 280 assigns a value such as OxFF 
as a token value of the current field (step 296) . 
Alternatively, if the current field is not a compile-time 
constant, the process 280 assigns a current token value to 
the current field (step 2 92) and increments the current 
token value by one (step 2 94) . From step 2 94 and 2 96, the 
process 280 then sets the current field to the next static 
field in the list (step 298) before looping back to step 288 
to continue processing the tokens. 

From step 2 88, in the event a current field is null 
(no more fields) , the process then checks whether the 
current token exceeds a predetermined threshold such as 2 55 
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which is the maximum numbers that can be represented using 
8-bits (step 300) . If so, the process 280 fails (step 205) . 
Alternatively, if exporting, the process 280 records the 
5 token values in the export component (step 3 02) . The 

process then publishes the token values in the Export file 
with the compiled time constants (step 304) so referencing 
packages can inline the respective values, before exiting. 

Turning now to Fig. 8D, a process 310 for assigning 
10 static method tokens in a public class is shown. The 

process 310 first obtains a list of public and protected 
static methods and constructors in a public class (step 
312) . The process 310 then checks whether the number of 
static methods exceed a predetermined value such as 256 
15 (step 314) . If not, the process sets the token value to 
zero (step 316) and initializes the current method to the 
first static method in the list (step 318) . Next, the 
process 310 checks whether the current method is null (no 
P% more methods) (step 320) . If not, the process 310 assigns a 

0= 2 0 current token value to the current static method (step 322) 
and increments the current token value by one (step 324) . 
The process 310 then sets the current method to the next 
static method in the list (step 326) before looping back to 
If) step 32 0. 

4l 2 5 From step 32 0, if the current method is null (no 

more methods) the process records the token value in the 
export component (step 32 8) and publishes the token values 
in the export file (step 330) before exiting. 

Figs. 8E-1 and 8E-2 relate to instance field token 
3 0 assignment schemes. Fig. 8E-1 shows a general process for 
assigning field tokens, while Fig. 8E-2 is one optimized 
process which extends token assignments to internal (or 
package-visible and private) fields, groups fields of type 
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reference and allows tokens to be easily mapped to offsets 
within instances. 

Turning now to Fig. 8E-1, a process 340 for 
assigning instance field tokens in a public class is shown. 
First, the process 340 gets a list of public and protected 
instance fields in a public class (step 342) . It then 
checks whether the number of instance fields exceeds a 
predetermined value such as 256 (step 344) and if so, fails 
(step 205) . Alternatively, the process 340 sets the current 
token value to zero (step 346) and initializes a current 
field to the first field in the list (step 348) . Next, the 
process 340 checks whether the current field is null (step 
350) . If not, the process 340 assigns a current token value 
to the current instance field (step 352) and increments the 
current token value by one (step 354) . From step 3 54, the 
process sets the current field to the next instance field in 
the list (step 360) before looping back to step 350. From 
step 350, in the event that the current field is null, the 
process 340 publishes the token values in the export file 
(step 362) and exits. 

Various factors may be considered in optimizing the 
general approach of Fig. 8E-1. Generally, the ordering of 
the tokens remains flexible so that the token arrangement 
can be adapted to specific implementations. Fig. 8E-2 
describes a constrained assignment scheme as shown in the 
example below: 
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Visibility 


Category 


Type 


Token 


public and 


primitive 


boolean 


0 


protected 




byte 


1 


= 

public tokens 




short 


2 


references 


byte [] 


3 






Applet 


4 


package and 


references 


short [] 


5 


private 




Object 


6 


private tokens 


primitive 


int 


7 




short 


9 



Referring now to Fig. 8E-2, a process 370 for 
optimizing the above assignment of instance field tokens is 
15 shown. As before, the process 370 gets a list of all 

instance fields in a class (step 372) . Next, the process 
3 70 checks whether the numbered instance fields exceeds a 
predetermined value such as 256 (step 374) . If so, the 
process 370 fails (step 205) and if not, the process 370 
q 20 sorts the list into categories including public and 

protected primitive types first, public and protected 
reference types second, package and private reference types 
third, and package and private primitive types last (step 
376) . The token value is set to zero (step 378) and the 
25 current field is initialized to the first instance field in 
the list (step 380) . Next, the process 370 checks whether 
the current field is null (step 382) . If not, the process 
assigns a current token value to the current field (step 
3 84) and increments the current token value by one (step 
30 386) . The process 3 70 then determines whether the current 
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field is an integer type (step 388) . The integer type takes 

two slots to allow tokens to be easily mapped to instances. 

If so, the current token value is incremented by one (step 
5 390) . From step 388 or step 390, the process 370 sets the 

current field to the next instance field in the list (step 

3 92) before looping back to step 3 82. 

From step 382, if the current field is null, the 

process 370 publishes the token values of the public and 
10 protected instance fields in the export file (step 394) 

before exiting. 

Figs. 8F-1 and 8F-2 assign tokens for virtual 

methods. Fig. 8F-1 shows a general scheme for virtual 

method token assignment, while Fig. 8F-2 extends token 
□ 15 assignment to package visible virtual methods. 
^ Referring now to Figs. 8F-1 and 8F-2, processes for 

j*. assigning virtual method tokens are shown. Generally, 

Ui virtual methods defined in a package are assigned either 

U exportable or internal tokens. Exportable tokens are 

pj 20 .assigned to public and protected virtual methods; in this 
L: case, the high bit of the token is zero. Internal tokens 

ry are assigned to package visible virtual methods; in this 

tF=V 

case the high bit of the token is one. Since the high bit 
y;* is reserved, these tokens range from 0 to 12 7, inclusive. 

25 Exportable tokens for the externally visible 

introduced virtual methods in a class are numbered 
consecutively starting at one greater than the highest 
numbered exportable virtual method token of the class's 
superclass. If a method overrides a method implemented in 

3 0 the class's superclass, that method uses the same token 

number as the corresponding method in the superclass so that 
overridden methods may be identified as being related to the 
method they override. 
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Internal virtual method tokens are assigned 
differently from exportable virtual method tokens. If a 
class and its superclass are defined in the same package, 
the tokens for the package-visible introduced virtual 
methods in that class are numbered consecutively starting at 
one greater than the highest numbered internal virtual 
method token of the class's superclass. If the class and its 
superclass are defined in different packages, the tokens for 
the package-visible introduced virtual methods in that class 
are numbered consecutively starting at zero. If a method 
overrides a method implemented in the class's superclass, 
that method uses the same token number as the corresponding 
method in the superclass. For background information, the 
definition of the Java programming language specifies that 
overriding a package-visible virtual method is only possible 
if both the class and its superclass are defined in the same 
package. The high bit of the byte containing a virtual 
method token is always set to one, to indicate it is an 
internal token. The ordering of introduced package virtual 
method tokens in a class is not specified. 

In Fig. 8F-1, the process 400 first gets a list of 
public and protected virtual methods in a class (step 4 02) . 
The process 400 then checks whether the class has a 
superclass (step 404) . If so, the process 400 further 
checks whether the superclass is in the same package (step 
406). From step 406, in the event that the superclass is in 
the same package, the process finds the superclass (step 
408) and obtains the virtual methods and tokens of the 
superclass (step 412) . The set of virtual method includes 
those defined all of the superclasses of the superclass. 
From step 4 06, in the event of the superclass is not in the 
same package, the process 400 finds the superclass in the 
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export file of the imported package (step 410) and then 
proceeds to step 412. From step 412, the process 400 
initializes a current token value to the maximum superclass 
virtual method token and increments its value by one (step 
414), ensuring that there will not be token collisions 
within the hierarchy. 

From step 404, in the event that the class does not 
have a superclass, the process 400 initializes to zero the 
current token value (step 416) . From step 414 or step 416, 
the process 400 initializes the current method to the first 
virtual method in the list (step 418) . Next, the process 
400 determines whether the current method is null (step 
420) . If not, the process then determines whether the 
15 current virtual method is defined by the superclass (step 

422) . If so, the method is an override method and the same 
4r. token value is assigned to the current method as the one 

assigned to the overridden method in the superclass (step 
p 424) before looping back to step 420. 

0' 20 From step 422, in the event that the current virtual 

i«. method is not defined by the superclass, it is an introduced 

R| method. In that case, the process 4 00 assigns a current 

Jr' token value to the current method (step 426) and increments 

^ the current token value by one (step 428) . The process 4 00 

J) 25 then sets the current method to the next method in the list 
(step 430) before looping back to step 420. From step 420, 
in the event that the current method is null, the process 
4 00 checks whether the current token value exceeds a 
predetermined value such as 127 (step 432) . If so, the 
30 process 400 fails (step 205) . Alternatively, if the token 
value is not greater than 127, the process 400 publishes the 
token values in the export file along with the inherited 
methods and their token values (step 434) before exiting. 
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The process of Fig. 8F-1 can also be used for assigning 
tokens to public and protected virtual methods in a package 
visible class as shown in Fig. 8F-2. 

In Fig. 8F-2, a process 440 for extending token 
assignment to package visible virtual methods in a class is 
shown. The process 440 first gets a list of package visible 
virtual methods in the class (step 442) . Next, it checks 
whether the class has a superclass (step 444) . If so, the 
process then checks whether the superclass is in the same 
package (step 446) . If so, the process 440 then finds a 
superclass in the same package (step 448) , gets the package 
visible virtual methods and tokens of the superclass (step 
450) and initializes the current token value to the maximum 
superclass virtual method token plus one (step 452) to avoid 
token collisions within the hierarchy that is scoped to the 
package. This ensures that token values previously assigned 
within superclasses are not reused for introduced methods. 
It is to be noted that step 450 may be recursive up to the 
superclasses in the same package. 

From step 444, in the event a class does not have a 
superclass, or from step 446, in the event that the 
superclass is not in the same package, the process 440 sets 
the current token value to zero (step 454) . Particularly, 
if the superclass is not in the same package, package 
visible virtual methods of that superclass are not 
accessible and thus not included in step 454. These 
potential methods are accounted for when resolving 
references to virtual methods as described above in Figs. 
9D-2 and 9D-3 . 

From step 452 or step 454, the process 440 
initializes the current method to the first virtual method 
in a list (step 456) . Next, the process 440 checks whether 



the current method is null (step 458) . If not, the process 
44 0 checks whether the current virtual method is defined by 
a superclass (step 460) . In this case the method is an 
5 override method. If so, the process 440 then assigns the 
same token value to the current method as assigned to the 
overriden method in the superclass (step 462) before looping 
back to step 458. 

From step 460, if the current virtual method is not 
10 defined by its superclass it is an introduced method. In 

this case, the process 440 assigns a current token value to 
the current method and sets the high bit to one (step 464) . 
The high bit of the virtual method token is used to 
determine whether it is a public or private virtual method 
C; 15 token. Next, the process 440 increments the current token 
^ value by one (step 466) and sets the current method to the 

4;; next method in the list (step 468) before looping back to 

^ step 4 58. 

N 

K In step 458, in the event that the current method is 

BT 2 0 null, the process 44 0 determines whether the current token 

value exceeds a value such as 127 (which is the maximum 
fti. number representable in 8 -bits with the high bit reserved) 

h l in step 470. If so, the process 440 fails (step 205). 

fl?-. ■ 

gr' f : Alternatively, in the event that the current token value is 

25 within range, the process 440 exits. Note that tokens for 
package visible virtual methods are used internally and are 
not exported. 

Virtual method references can only be resolved 
during execution. The virtual method table allows the card 
3 0 to determine which method to invoke based on the token as 

well as instances of the method's class. The token value is 
used as an index to the virtual method table. Fig. 8G-1 
shows a process 480 for constructing public virtual method 
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: tables in a class. First, a list of public and protected 

virtual methods in the class is obtained (step 482) . Next, 
the process 480 gets virtual methods and tokens of a 
5 superclass (step 484) . Step 484 is recursive, including all 
of the superclasses of the class. The process 480 then 
creates a table, ordering virtual methods by token values 
(step 486) and eliminates duplicate virtual methods. 
Duplicates are generated for overridden methods. In this 
10 case, the method defined in the current class is represented 
in the method table instead of the one defined in a 
superclass. The process 480 then sets a count to a maximum 
virtual method token class in step 488 and records a table 
and count in the class component (step 490) before exiting. 
15 Turning now to Fig. 8G-2, a process 500 which 

optimizes the construction of public virtual method tables 
in the class is shown. The process 500 decreases the size 
p required for storing a virtual method table by removing 

q overlapping elements in a superclass' virtual method table. 

0) 20 The process 500 first gets a list of public and 

^ protected virtual methods in a class (step 502) . Next, the 

RJ virtual methods and tokens of the superclass are obtained 

(step 504) . Step 504 is recursive, including all of the 
iJL| superclasses of the class. Next, the process 500 

25 initializes a table by ordering virtual methods obtained in 
steps 502 and 504 by token values (step 506) . This process 
assumes the process has at least one entry. The process 500 
then initializes a count to a maximum virtual method token 
plus one (step 508) . The process 500 also sets the base 
30 count to zero (step 510) . Next, process 500 checks whether 
the count is positive (step 512) . If so, the process checks 
whether the first entry in the table is defined by the 
current class (step 514) . If not, the process removes the 
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method from the table and shifts the remaining methods up in 
the table (step 518) . The process 500 then decrements the 
count by one (step 520) and increments the base count by one 
5 (step 522) before looping back to step 512. 

From step 514, in the event that the first entry is 
defined in the current class, or in the event that the count 
is zero in step 512, the process 500 proceeds to record the 
table, count and base in the class component (step 516) 
10 before exiting. 

Figs. 8H-1 and 8H-2 show a process 524 for assigning 
interface method tokens in a public interface. 
Particularly, Fig. 8H-2 shows in more detail step 526 of 
Fig. 8H-1. 

O 15 Referring now to Fig. 8H-1, the process 524 assigns 

~* interface method tokens in a public interface. The process 

5 hi 

11 524 initially obtains a set of interface methods in the 

W public interface (step 525) . Next, the process 524 obtains 

q a list of superinterfaces of the interface (step 526) . This 

CO 2 0 operation is defined in more detail in Fig. 8H-2. The 

process 524 then merges the set of methods defined by the 
interface and by its superinterfaces (step 527). Next, the 
^ process 524 checks whether or not more than 256 methods 

3 S : 

[J exist (step 529) . If so, the process 524 fails (step 205) . 

*£l 25 Alternatively, if less than 256 methods exist, the process 
524 sets the current token value to zero (step 530) and 
initializes the current method to the first method in the 
method of set of methods (step 532) . Next, the process 524 
checks whether the current method is null (step 533) . If 
30 not, the process 524 assigns the current token value to the 
current interface method (step 534) , increments the current 
token value by one (step 535) , and sets the current method 
for the next method in the set (step 536) before looping 
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back to step 533 . 

From step 533, if the current method is null, the 
process 524 publishes the superinterf ace list associated 
5 with the interface and the method token values in the export 
file (step 537) and exits. 

Referring now to Fig. 8H-2, step 526 of Fig. 8H-1 is 
shown in more detail. First, the process of Fig. 8H-2 
selects an interface (step 682) . Next, it obtains a list of 
10 interfaces inherited by the interface (step 684) and sets 
the current interface to the first interface in the list 
(step 686) . Next, the process of 8H-2 initializes the 
results set to an empty set (step 688) . From step 688, the 
process of Fig. 8H-2 iteratively adds interfaces to a result 
O 15 set. This is done by first checking whether the current 
~* interface is null, indicating that no other interfaces need 

41 to be processed (step 690) . If not, the process obtains a 

set of superinterf ace of the current interface (step 692) . 
p Step 692 invokes the process 526, recursively. 

S) 20 Upon completing step 692, the process of Fig. 8H-2 

p t adds the set of superinterf aces to a result set (step 694) 

RJ and the current interface to the result set (step 696) . The 

process then sets the current interface to the next 

s5 i 
5 -i 

fcfj interface (step 698) and loops back to step 690 to continue 

-i) 25 processing all interfaces. From step 690, in the event that 
the current interface is null, the process of Fig. 8H-2 
exits by returning the result set. 

An interface table contains an entry for each 
interface directly implemented by a class, and for all 
30 superinterf aces of the directly implemented interfaces. 

Each entry in the interface table contains an identification 
of the interface and an interface method table. The table 
maps interface method declarations to implementations in the 
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class . 

Figs. 81-1 and 81-2 show a process 700 for 
constructing an interface table of a class. Particularly, a 
figure 81-2 shows in more detail steps 708 of Fig. 81-1. 

Referring now to Fig. 81-1, a process 700 for 
constructing interface tables is shown. First, the process 
700 obtains a list of interfaces, including superinterf aces , 
(see process 52 6) that are implemented by the current class 
(step 702) . Next, the process 700 sets the current 
interface to the first interface in this set (step 704) . 
The process 700 then checks whether the current interface is 
null, indicating that it is finished (step 706) . If not, 
the process 700 proceeds to construct an interface method 
table for the current interface for the class (step 708) , as 
shown in more detail in Fig. 81-2. Next, the process 700 
sets a current interface to the next interface (step 710) 
before it loops back to step 706. 

From step 706, in the event that the current 
interface is null, the process 700 records the interfaces 
with their interface method tables in the class component 
(step 712) before exiting. 

Referring now to Fig. 81-2, step 708 is shown in 
more detail. This process first gets the virtual method 
table for the class (step 722) and the interface methods and 
tokens for the interface, including inherited methods (step 
724) . Next, the process of Fig. 81-2 initializes an 
interface method table by ordering the methods by their 
token value (step 726) . Next, the process sets the current 
method to the first method of the interface method table 
(step 728) . From step 728, the process checks whether the 
current method is null indicating that it is finished (step 
730) . If not, the process of Fig. 81-2 finds an 



38 



implementation of the interface method in the virtual method 
table (step 732) . Next, the process records a token value 
of the virtual method in the interface method table at the 
5 location of the current method (step 734) . It then sets the 
current method to the next method of the current interface 
(step 736) before looping back to step 730. From step 730, 
in the event that the current method is null, the process of 
Fig. 81-2 exits. 

10 The dynamic binding of elements during execution is 

discussed next in Figs. 9A-9C which describe resolution of 
references to dynamic elements. During compilation, 
conversion and token assignment, references to instance 
fields, virtual methods and interfaces methods cannot be 

z\ 15 resolved to a particular implementation, but only to an 

Rj abstract description of the item. 

at 

y In the case of instance fields, tokens are assigned 

H= within the scope of the defining class. An instance of the 

gi class contains all of the fields defined not only by the 

s 20 class, but also by all of its superclasses. The tokens do 

F = i not indicate the location of the field within the instance, 

~ if 

Cf since they cannot reflect a particular layout of the 

■j\ instance and cannot account for the location of private and 

^ package-visible fields defined by the superclass. 

25 In the case of virtual methods, during compilation 

and conversion the name and type signature are known, as 
well as a class within a hierarchy that implements such a 
method. However, the exact implementation cannot be known 
until execution, when it is possible to determine the 
30 particular class of the instance on which the method is 

invoked. For example, both a class A and its superclass B 



39 



implement a method definition M. It cannot be known until 
execution whether an invocation of the method M on an 
instance of compile-time type B will result in execution of 
the implementation of class A or of class B. 

To provide a means for properly dispatching an 
invocation of a virtual method during execution, virtual 
method token assignment is scoped within a class hierarchy. 
That is, a method of a subclass that overrides a method 
previously introduced in a superclass inheritance chain must 
have the same token value as the method it overrides. Also, 
introduced methods (those methods that- do not override 
methods defined in a superclass) must have token values that 
are unique within the inheritance chain. Virtual method 
tables are defined for each class to provide a means for 
mapping a virtual method token to a particular 
implementation . 

Interface methods are similar to virtual methods in 
that the particular implementation cannot be known until 
execution time, but they differ in that interface methods 
can be inherited from multiple interfaces. Multiple 
inheritance of interface causes a problem with the way 
virtual method tokens are assigned. A method in a class 
which overrides a method introduced in more than one ' 
interface cannot necessarily have the same token value as 
the methods it overrides, as the multiple definitions may 
all have different values. Therefore each set of methods 
for a particular interface is assigned token values without 
regard to the token values of the methods of any other 
interface . 

Because interfaces do not share token values, 



additional information is necessary to dispatch an interface 
method invocation to a particular method implementation. As 
interface method tokens are unique within the scope of an 
5 interface, both the interface method token and the identity 
of the interface are needed to determine the method 
implemented by the class of an instance at execution time. 
An interface table is defined for each class which maps an 
interface identity to an interface method table. The 
10 interface method table maps the interface method tokens for 
that interface to method implementations in that class. 

Figs. 9A-9C are flowcharts illustrating processes 
for resolving tokens during the execution. Referring now to 
O Fig. 9A, a process 580 for resolving instance field 

!z{ 15 references is shown. First, the process 580 obtains an 
£ instance containing the field from a run-time stack (step 

582) . Next, the process 580 determines a token associated 
h\ with the field and maps the token to an index (step 584) . 

63 The mapping of the token to the index may require examining 

^ 2 0 instance field type information. Moreover, the operation 
ITU , ma Y require adjusting the token value by the size of the 

superclass's instance. Finally, the process 580 finds the 
representation of the field in the instance using the index 
tfl (step 586) before exiting. 

25 In Fig. 9B-1, a process 620 for resolving a 

reference to public or protected virtual method is shown. 
First, the process 620 obtains an instance of a class from 
the runtime stack (step 621) and determines the class of the 
instance (step 622) . Next, the process 620 accesses the 
30 public virtual method table of the class (step 624) and 
obtains a method table entry using the method token as an 
index (step 626) . Finally, the process 620 finds and 
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executes the method based on the content of the entry in the 
virtual method table (step 628) and exits. 

Turning now to Fig. 9B-2, a process 600 for 
5 resolving a reference to any virtual method (including 

package-visible) is shown. First, the process 600 obtains 
an instance of a class from the runtime stack (step 601) and 
determines the class of the instance (step 602) . Next, the 
process 600 determines whether the high bit of the method 
10 token is set to one (step 604) . If not, the process 600 

gets a public virtual method table (step 606) and uses the 
method token as an index into the virtual method table (step 
608) . From step 604, in the event that the high bit of the 
method token equals one, the process 600 then sets the high 
□ 15 bit to zero (step 610) and gets the package virtual method 
'**. table (step 612) before proceeding to step 608. Finally, the 

4« process 600 finds and executes the method based on the 

^ content of the entry in the virtual method table (step 614) 

f*\ and exits. 

0* 20 Fig. 9B-3 shows an optimized process 670 for 

p% resolving a reference to any virtual method, using optimized 

virtual method tables as described in Fig. 8G-2. First, the 
process 670 obtains an instance of a class from the runtime 
t£j stack (step 671) and sets the current class to be the class 

25 of the instance (step 672) . A method table index is 

initialized to the method token value (step 674) . The 
process 670 then determines whether the high bit of the 
method token equals one (step 676) . If not, the process 670 
sets a base value to the public method table's base of the 
30 current class (step 678) . Next, the method table is set to 
the public virtual method table of the current class (step 
680) . The process 670 then checks whether the method table 
index is less than the base value (step 682) and if so, sets 
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the current class to be the superclass of the current class 
(step 684) . From step 684, the process 670 loops back to 
step 676 to continue processing. 
5 In step 676, if the high bit equals one, the process 

670 sets the high bit of the method table index to zero 
(step 690). It sets the base value to the package method 
. table base of the current class (step 692) and sets the 
method table to the package virtual method table of the 
10 current class (step 694) before continuing to step 682. 

From step 682, if the method table index is greater 
than the base, the process 670 obtains a method table entry 
using the method table index plus the base value (step 686) . 
The process 670 then finds the method based on the content 
p 15 of the entry in the method table of the current class (step 
^( 688) . Subsequently, the process 670 exits, 

j; Referring now to Fig. 9C, a process 650 for 

W resolving interface method reference is shown. First, the 

p process 650 obtains an instance of a class from the runtime 

y) 20 stack (step 651) and sets the current class to the class of 
L the instance (step 652) . Next, the process 650 searches for 

m the specified interface in the interface table of the 

•sat. 

y current class (step 654) . The process then determines 

lt\ whether the interface has been found (step 656) . If not, 

*f) 25 the process then sets current class to the superclass of the 
current class (step 660) before looping back to step 654. 

From step 656, in the event that the specified 
interface is found, the process 650 obtains the 
corresponding interface method table in the current class 
30 (step 662) . It then obtains the virtual method token from 
the entry in the table whose index is equal to the interface 
method token (step 664) . The process 650 then obtains the 
public virtual method table of the class of the instance 
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(step 666) . The process 650 gets the virtual method 
location from the entry in the table associated with the 
virtual method token (step 668) . The process 650 then 
5 locates the method based on the content of the entry in the 
virtual method table (step 669) . Once this is done, the 
process 650 exits. 

Although the invention has been illustrated with 
respect to a smart card implementation, the invention 
10 applies to other devices with a small footprint such as 

devices that are relatively restricted or limited in memory 
or in computing power or speed. Such resource* constrained 
devices may include boundary scan devices, field 
programmable devices, pagers and cellular phones among many 
O 15 others. The invention may prove advantageous when using 
pi servlets if there is object sharing between them. Certain 

4* desktop systems may also utilize the techniques of the 

= : ; 

j^f invention. 

p The present invention also relates to apparatus for 

^ 20 performing these operations. This apparatus may be 

p specially constructed for the required purpose or it may 

fu comprise a general purpose computer as selectively activated 

~* or reconfigured by a computer program stored in the 

3 ir 

■d) computer. The procedures presented herein are not 

^ f 25 inherently related to a particular computer or other 

apparatus. Various general purpose machines may be used 
with programs written in accordance with the teachings 
herein, or it may prove more convenient to construct more 
specialized apparatus to perform the required method steps. 
3 0 The required structure for a variety of these machines will 
appear from the description given. Further, it will be 
appreciated that a virtual machine consistent with the 
invention can provide functionality beyond that of earlier 
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virtual machines, such as the virtual machines described in 
the Java™ Virtual Machine Specification. 

While the Java™ programming language and platform 
5 are suitable for the invention, any language or platform 
having certain characteristics would be well suited for 
implementing the invention. These characteristics include 
type safety, pointer safety, object-oriented, dynamically 
linked, and virtual -machine based. Not all of these 
10 characteristics need to be present in a particular 

implementation. In some embodiments, languages or platforms 
lacking one or more of these characteristics may be 
utilized. A "virtual machine" could be implemented either 
in bits (virtual machine) or in silicon (real/physical 
Q 15 machines/application specific integrated circuits) . Also, 

although the invention has been illustrated showing object 
4* by object security, other approaches, such as class by class 

security could be utilized. 

The system of the present invention may be 
El 2 0 implemented in hardware or in computer program. Each such 
j= v computer program can be stored on a storage medium or device 

fM (e.g., CD-ROM, hard disk or magnetic diskette) that is 

readable by a general or special purpose programmable 
^| computer for configuring and operating the computer when the 

25 storage medium or device is read by the computer to perform 
the procedures described. The system also may be 
implemented as a computer-readable storage medium, 
configured with a computer program, where the storage medium 
so configured causes a computer to operate in a specific and 
30 predefined manner. 

The program is here, and generally, conceived to be 
a self -consistent sequence of steps leading to a desired 
result. These steps are those requiring physical 
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manipulations of physical quantities. Usually, though not 
necessarily, these quantities take the form of electrical or 
magnetic signals capable of being stored, transferred, 
combined, compared, and otherwise manipulated. It proves 
convenient at times, principally for reasons of common 
usage, to refer to these signals as bits, values, elements, 
symbols, characters, terms, numbers, or the like. It should 
be noted, however, that all of these and similar terms are 
to be associated with the appropriate physical quantities 
and are merely convenient labels applied to these 
quantities . 

While the invention has been shown and described 
with reference to an embodiment thereof, those skilled in 
the art will understand that the above and other changes in 
form and detail may be made without departing from the 
spirit and scope of the following claims. 

Other embodiments are within the scope of the 
following claims. 

What is claimed is: 



